ABSTRACT: Phaeodactylum tricornutum is a widely studied diatom and has been proposed as a source of oil and polyunsaturated fatty acids (PUFA), particularly eicosapentaenoic acid (EPA). Recent studies indicate that lipid accumulation occurs under nutritional stress. Aim of this research was to determine how changes in nitrogen availability affect productivity, oil yield, and fatty acid (FA) composition of P. tricornutum UTEX 640. 
Introduction
Microalgae are a promising alternative source of oil for biodiesel production because of their capacity to accumulate neutral lipids and achieve high productivities (Breuer et al., 2012; Caporgno et al., 2016; De Bhowmick et al., 2015; Guccione et al., 2014; Rawat et al., 2013; Rodolfi et al., 2009; Velmurugan et al., 2014) . Moreover, marine microalgae cultivation does not require freshwater and fertile soils as it can be performed in saline waters and on marginal lands (Chini Chisti, 2007; Tredici, 2010) . However, at present, the process is not yet economically and energetically sustainable (Ruiz et al., 2016; Tredici et al., 2015 Tredici et al., , 2016 , unless other high-value compounds present within the algal cell are exploited together with the storage components used for bioenergy Chew et al., 2017; Hariskos and Posten, 2014; Trivedi et al., 2015) .
It is well known that under stress conditions, the so-called oleaginous microalgae can increase cellular lipid content, mainly the neutral lipid fraction, although the response is species-specific (Benvenuti et al., 2015; Piorreck et al., 1984; Pruvost et al., 2009; Rodolfi et al., 2009) . Nitrogen limitation and starvation are the most frequently applied stresses for increasing lipid (oil) content, as this technique is cheap, easy to apply, and has a reliable and strong effect in oleaginous species (Benvenuti et al., 2015; Biondi et al., 2013; Bondioli et al., 2012; Converti et al., 2009; Guccione et al., 2014; Ho et al., 2012; Klok et al., 2013) . However, nutrient deprivation decreases growth and may not necessarily improve lipid productivity (Griffith and Harrison, 2009) . While nutrient starvation typically results in a first period of unbalanced growth, in which a reserve substance (e.g., starch or oil) is accumulated over the levels observed during nutrient sufficient growth, inevitably followed by growth termination, nutrient limitation can lead to an acclimated growth in which the growth rate is reduced and cell composition is stably modified (MacIntyre and Cullen, 2005; Parkhill et al., 2001) . Some marine microalgae are also able to synthesize v-3 polyunsaturated fatty acids (PUFA), and especially eicosapentaenoic acid (EPA), which are of great interest for nutraceuticals and feed applications (Borowitzka and Moheimani, 2013; Spolaore et al., 2006; Tredici et al., 2009) . Among the main genera studied for this purpose are Nannochloropsis, Phorphyridium, Isochrysis, Tetraselmis, and Phaeodactylum; however few cases of commercial applications do exist (Borowitzka, 2013; Mata et al., 2010) . While for oil accumulation nutrient stress is necessary, high EPA content and productivity are generally attained under nutrient replete growth as this fatty acid is a component of cell membranes (Cohen, 1999) .
Because of its high EPA content, ability to accumulate lipids upon nutrient stress, and capacity to be mass cultivated, the diatom Phaeodactylum tricornutum has been widely studied both in the laboratory (Chrismadha and Borowitzka, 1994; Meiser et al., 2004; Yongmanitchai and Ward, 1991) and outdoors (Aci en Mata et al., 2010; Torzillo et al., 2012) . Outdoor studies focused mainly on EPA production under optimal (nutrient replete) growth conditions. While lipid metabolism under nitrogen starvation and limitation in P. tricornutum has been diffusely studied in the laboratory (Guih eneuf et al., 2011; Kaixian and Borowitzka, 1993; L opez Alonso et al., 2000; Parrish and Wangersky, 1987; Qiao et al., 2016) , and transformants with enhanced fatty acid content have been recently developed (Shemesh et al., 2016) , to our knowledge, the effects of nutrient starvation/limitation on oil and fatty acids synthesis and productivity have not been researched in outdoor cultures of this microalga.
In this work, after preliminary laboratory trials in which batch and semi-continuous cultures of two P. tricornutum strains (UTEX 640 and UTEX 646) were compared under nitrogen starvation, the selected strain UTEX 640 was cultivated outdoors under different nitrogen regimes in Green Wall Panel (GWP W -III) photobioreactors, and growth and fatty acid content and productivity were evaluated.
Materials and Methods
Organisms and Culture Conditions P. tricornutum UTEX 640 and UTEX 646 were cultivated in the laboratory in F medium containing sodium nitrate as nitrogen source (Guillard and Ryther, 1962) , which was prepared with artificial seawater (Adriatic Sea Aquarium & Equipment, Rimini, Italy) at 30 g L À1 salinity. The seawater was autoclaved, allowed to cool, and then added with sterile nutrient solutions. In a first laboratory trial, the strains were grown in nitrogen-depleted medium in batch or in batch/semi-continuous regimes. In batch, the cultures were not diluted for the whole length of the experiment (6 days), whereas in batch/semi-continuous, the cultures were not diluted for the first 3 days, then a semi-continuous regime followed during which a 50% daily dilution rate was applied. In the second laboratory trial, a 4-day growth experiment with UTEX 640 was performed in which a semicontinuous regime (50% daily dilution) was applied since the first day. All the trials were carried out in 300-mL glass tubes illuminated from one side with continuous light (250 mmol photons m À2 s À1 ) supplied by daylight fluorescent tubes (OSRAM, 39W/865). Temperature was kept at 20 C by immersing the tubes in a thermoregulated water bath. Cultures were bubbled with an air/CO 2 mixture (98/2, v/v) to provide mixing and maintain pH in the range 7.5-8 as well as to supply carbon for growth. Both trials were carried out in duplicate. In all the cultures, the small amount of nitrogen introduced with the inoculum was depleted during the first day. Nitrogen was not replenished. Other nutrients such as phosphorus and iron were reintegrated according to growth.
For outdoor trials, UTEX 640 was grown in 40-L GWP 1 -III reactors (see following section), using F medium prepared from tap water filtered through 10 and 1 mm polypropylene filters (Domnick Hunter, St Neots, UK) and then added with sterile nutrient solutions. Two batch trials were performed, one in summer and one in spring. The cultures were cooled when temperature exceeded 28.5 C; pH was maintained at 8.2 AE 0.1. In the first trial, performed in July, growth and fatty acid (FA) content of UTEX 640 was evaluated under nitrogen sufficiency, nitrogen starvation, and nitrogen limitation in duplicate cultures. As the results of the replicates were highly comparable, only the data from the culture used for FA analyses are shown. In the nitrogen-replete and nitrogen-limited cultures, nitrogen concentration (expressed as mg N per liter) was measured three times per day (at 8:30, 12:30, and 18:00) and each time restored to 50 mg L À1 in the nutrient-replete cultures and to 7.5 mg L À1 in the nitrogen-limited (L3) culture. The second trial was performed in April under nitrogen sufficiency, nitrogen starvation, and nitrogen limitation. Three different nitrogen supply regimes were adopted in the nitrogen limited cultures: (i) nitrogen was restored to 7.5 mg L À1 once per day (L1), at 8:30; (ii) twice per day (L2), at 8:30 and 12:30; and (iii) three times per day (L3), at 8:30, 12:30, and 18:00. Besides that contained in the inoculum, the total nitrogen supplied during the first 6 days of the growth period was 193.7 and 130.6 mg L À1 in the nitrogenreplete summer and spring cultures, 94.5 and 70.8 mg L À1 in the L3 summer and spring cultures, and 47.7 mg L À1 in the L2, and 28.7 mg L À1 in the L1 spring cultures. In both trials, nitrogen was never restored in the starved cultures and that brought with the inoculum was depleted during the first day. Other nutrients (P and Fe) were supplied according to their relative content in the biomass and to productivity.
The Outdoor Culture System
The outdoor trials were carried out at the experimental area of Fotosintetica & Microbiologica S.r.l. located in Sesto Fiorentino (Florence, Italy) using GWP
1 is a registered trademark for a series of flat photobioreactors composed of a disposable culture chamber enclosed in a rigid metal frame. A detailed description and an energy analysis of the GWP 1 -II are reported in Tredici et al. (2015) and an economic analysis of the system at 1-ha scale in Tredici et al. (2016) . The GWP 1 -III used in this work is entirely made of stainless steel, which provides increased stability and longer duration. As in the previous designs, the external metal structure encloses a plastic culture chamber and allows maintaining an average light-path of 4.8-5.2 cm. The reactor can be easily opened to replace the plastic chamber when weathered or damaged. The culture chamber is closed to limit airborne contaminations and allows gas collection and recycling to maximize CO 2 utilization. In the present study, the size of each panel was 1.24 Â 0.05 Â 0.70 m (length, width, height), the culture surface exposed to direct radiation was about 0.78 m 2 , and the culture volume varied between 37 L and 43 L. Compressed air was injected for mixing through a perforated plastic pipe, running at the bottom of the culture, at a flow-rate of 0.35 L L À1 min À1 . CO 2 was injected by a small bubble diffuser via a valve regulated by a pH control system. The reactors faced south; had an inclination of 50 with respect to the vertical; and were arranged in a single line with dummies in the front, back, and lateral sides in order to simulate a full-scale plant and thus allow to calculate productivity per unit occupied land area (Tredici, 2004) . The distance between the photobioreactors and the dummy rows was 1 m (Fig. 1) .
Analytical Procedures
Microalgal growth was estimated by biomass dry weight determination as reported by Guccione et al. (2014) , but using ammonium formate (0.5 M), instead of distilled water, for washing the cells collected on the filter membrane. For outdoor cultures, the sampling was performed in the early morning. For lipid (laboratory trials) and fatty acid (outdoor trials) analyses, the cultures were harvested by centrifugation and the resulting biomass was washed twice with NaCl solution (9 g L À1 ), then frozen and lyophilized. The lyophilized biomasses were extracted and analyzed according to Rodolfi et al. (2009) for lipids and according to Abiusi et al. (2014) for fatty acids. Nitrate nitrogen concentration in the medium was measured spectrophotometrically (Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA) by means of an analytical kit (H135, Hanna Instruments, Woonsocket, RI).
The productivity of outdoor cultures was expressed as areal
, that is, productivity per unit of culture surface area exposed to solar radiation (considering only the South facing surface of the reactor) and was calculated as the difference between biomass (or product) amount in the culture at the end and at the beginning of the trial divided by the culture surface area (m 2 ) and then divided by the number of days of the trial. The biomass (or product) amount in the culture was calculated by multiplying its volumetric concentration (g L
À1
) by the culture volume (L). The land areal productivity was calculated by multiplying the culture areal productivity by the coefficient 0.65, since in the full-scale arrangement adopted in our trials, 1 m 2 of land allows to deploy 0.7 m 2 of panel with 0.65 m 2 of culture exposed to solar radiation. Global radiation values were obtained from LaMMA ConsortiumEnvironmental Modelling and Monitoring Laboratory for Sustainable Development (Sesto Fiorentino, Florence, Italy).
Results and Discussion Preliminary Laboratory Trials
A laboratory trial was performed with both UTEX 640 and UTEX 646 in 300-mL bubbled tubes under continuous light (250 mmol photons m À2 s À1 ) to compare biomass productivity and lipid accumulation under nitrogen starvation in two different regimes: a 6-day batch (6B) and a 3-day batch followed by a 3-day semicontinuous cultivation (3Bþ3S). In the first period (days 1-3), when under both regimes the cultures were in batch, biomass productivity of UTEX 640 was more than double than that of UTEX 646 (Table I ). In the second period (days 4-6), productivity was strongly reduced in both strains: UTEX 640 produced about 80% less both in batch and in semi-continuous; UTEX 646 produced 60% less in batch and 83% less in semi-continuous (Table I ). In the second period, there was no significant difference in productivity between batch and semi-continuous cultivation with UTEX 640, while UTEX 646 was by far less productive in semi-continuous than in batch. Two culture regimes were tested: a 6-day batch (6B) and a 3-day batch followed by a 3-day semi-continuous phase (3Bþ3S).
a The values refer to the last day of the period.
Concerning lipid content, except a higher value of 37% measured in UTEX 640 cultures at the end of the 6-day batch (Table I) and at day 5 in the 3Bþ3S regime (data not shown), no differences were observed in both conditions and with both strains (Table I) , all cultures showing an average lipid content of about 31% on dry biomass. It is to be noted that the initial lipid content was about 25% in all the cultures.
A second trial under nitrogen starvation was carried out in the laboratory only with UTEX 640 adopting a semi-continuous regime (daily dilution of 50%) since the first day. The average biomass productivity was about half than that obtained with the same strain in batch (whole 6-day period), while lipid content did not change in comparison with the previous experiment. In conclusion, the laboratory trials indicated that UTEX 640 is by far better than UTEX 646 for biomass and lipid production both in batch and semicontinuous cultivation, and that a daily culture dilution (i.e., a semicontinuous regime), adopted either from the starting day or after a short batch of three days, does not increase biomass productivity nor lipid content compared to a batch regime. According to these results, UTEX 640 and batch conditions were selected for outdoor trials.
There are several laboratory studies with P. tricornutum under nitrogen starvation, but different strains and conditions have been used. Breuer et al. (2012) cultivated in batch UTEX 640 under nitrogen starvation in shaken flasks for 14 days. Growth ceased after about 1 week and a maximum productivity of about 400 mg L
, similar to what we obtained in the first half of the batch with the same strain, was achieved. After 14 days of cultivation fatty acid reached about 30% of dry biomass. A much higher lipid content (41% on dry biomass) was reported for P. tricornutum-starved batch cultures after 9 days of cultivation under low light intensity and light/dark cycles by Kaixian and Borowitzka (1993) . Shemesh et al. (2016) cultivated UTEX 646 under nitrogen starvation in shaken flasks for 7 days achieving a productivity of about 160 mg L À1 d À1 and a final fatty acid content of 25% on dry biomass. Results from laboratory experiments are difficult to compare because of the very different culture conditions (use of axenic and non axenic cultures, light intensity and cycle, temperature, culture vessels, etc.) adopted. However, a general behavior can be observed: nitrogen-starved P. tricornutum cultures can grow for 3-7 days, productivity decreases with time, and lipids (fatty acids) are accumulated reaching maximum values varying from 25% to about 40% on dry biomass.
Outdoor Trials
For the outdoor trials, UTEX 640 was grown in 40-L, N-S oriented, 50 -inclined GWP 1 -III reactors (Fig. 1 ) in summer and spring under different nitrogen regimes (N-replete, N-limited, and N-starved cultures) . In summer, the nitrogen-replete (control) and the nitrogen-limited cultures had the same growth until the third day, then the replete culture prevailed (Fig. 2, left) . Growth of the starved culture was much lower. In the three conditions, productivity did not vary much when calculated after 6 or 8 days of growth (Table II (Table II) . These productivities, expressed on culture surface In comparison with the 6-day laboratory batch cultivation, where only starved cultures were tested and productivity was measured on a per volume basis, the outdoor starved batch culture of UTEX 640 obtained a 23% lower volumetric productivity (0.17 g L À1 d À1 in the 6-day period). However, given the very different volume to surface ratio of the cultivation systems used in the laboratory (small bubbled tubes) and outdoors (the GWP 1 ), any comparison in terms of volumetric productivity is of marginal value. For this reason productivity of laboratory cultures was expressed in terms of culture volume, while that of outdoor cultures in terms of culture (or land) area.
In spring, besides nutrient repletion and nitrogen starvation, three different nitrogen limitation regimes were tested: nitrogen was replenished once (L1), twice (L2), and thrice (L3) per day each time up to 7.5 mg L
À1
. This trial lasted only 6 days (Fig. 2, right) . Culture growth was lower in all the conditions compared to the summer trial. All the cultures, including the starved one, had a similar growth until day 3, then started to differentiate and growth correlated with nitrogen availability. Biomass productivity during spring was always lower than in summer under the same conditions of nitrogen supply and, as expected, decreased with decreasing nitrogen availability (Table II) .
To our knowledge, whereas P. tricornutum has been extensively cultivated in nutrient-replete conditions, no studies are available with outdoor cultures under nitrogen deprivation. Chini Zittelli and Tredici (unpublished) cultivated UTEX 640 in a 93-L tubular reactor (45 inclination) obtaining a culture areal productivity of 14 g m À2 d À1 in summer. In the same location, same season, and with the same strain, Benavides et al. (2013) attained land areal productivities of 11.7 and 13.1 g m À2 d À1 in circular ponds and a horizontal tubular photobioreactor adopting a daily dilution regime. In our study with UTEX 640, higher culture areal productivities (about 18 g m À2 d À1 ) compared to Chini Zittelli and Tredici (unpublished) and similar land areal productivities (about 12 g m À2 d
) to those of Benavides et al. (2013) were measured. It is worth noting that in our work culture temperature was allowed to rise up to 28.5 C (Fig. 2) , instead of 20 C (as in Benavides et al., 2013) , the optimal growth temperature reported for Phaeodactylum. Much higher land areal productivities (32 g m À2 d
) were obtained with the same strain in a two-layer horizontal tubular photobioreactor operated under a continuous dilution regime by Molina et al. (2001) . The reasons of this high productivities may reside in the high solar radiation of Southern Spain, where the study was conducted, the adoption of an optimal temperature of 20 C and light dilution by the two-layer serpentine reactor (Tredici, 2010) .
In the outdoor trials, instead of lipids, we determined total fatty acid (TFA) content because it better represents the potential for oil production the microalga. Besides, the fatty acid profile better shows the suitability of the biomass for biodiesel (high content in saturated and monounsaturated fatty acids) or nutritional use (high content in PUFA). In both seasons, TFA content in the biomass at the end of the growth (Table III) was inversely proportional to the amount of nitrogen supplied, with the maximum value observed in the two starved cultures (24.6% in summer after 8 days and 25.6% in spring after 6 days). It is to be noted that in both seasons, nitrogen starvation more than tripled TFA content in comparison to the control (from 7% to 25%).
Similarly to TFA content, also TFA productivity increased as nitrogen availability in the culture decreased and, in both seasons, reached the maximum value (2.3-2.7 g m À2 d
) under starvation, despite the lower biomass productivities of starved cultures (Table  II) . In spring, the EPA content of biomass was rather stable (around 2.4-2.7%), while in summer, it decreased significantly in the starved culture (to about 1.8%) (Table III) . EPA productivity was directly related with biomass productivity and thus with the amount of nitrogen added (Table II) . The highest EPA productivity (0.35-0.38 g m À2 d
) was obtained in the summer nitrogen-replete culture, and the lowest in the summer-starved cultures (0.11-0.13 g m À2 d
) (Table II) . In both summer and spring, saturated and monounsaturated fatty acids on biomass and on TFA increased as nitrogen availability in the culture decreased (Table III) . The most suitable biomasses for biodiesel production were those attained under nitrogen starvation, where saturated and monounsaturated fatty acids surpassed 80% of TFA (Table III) . The most valuable biomasses for their content of nutritionally important fatty acids were those produced under replete conditions, where PUFA reached about 60% of TFA and EPA more than 30% of TFA and 2.2% of dry biomass (Table III) . A similar content of EPA on fatty acid was found by Benavides et al. (2013) , and a similar EPA content in the biomass was reported by Aci en .
In our work, the most suitable biomasses for biodiesel production were those attained under nitrogen starvation. Nitrogen limitation did not improve fatty acid productivity nor fatty acid content compared with starvation. Oil production under nitrogen limitation has been reported for indoor cultures of other microalgae, among these Neochloris oleoabundans (Klok et al., 2013) and Isochrysis sp. (Lacour et al., 2012) , although in this latter 
Conclusions
Laboratory experiments under suitable light intensity were good predictors of performance of outdoor P. tricornutum cultures, allowed to select the better strain (UTEX 640) and showed that nitrogen-starved cultures can increase biomass and store lipid for about 1 week. The outdoor experiments in GWP 1 reactors showed that the most suitable biomasses for biodiesel are attained under nitrogen starvation (reaching 25% FA content and more than 80% saturated and monounsaturated fatty acids on TFA), while the most nutritionally valuable are those produced under nutrient replete conditions (which reach about 60% PUFA and 30% EPA on TFA). NR ¼ nitrogen-replete culture; L1, L2, L3 ¼ limited cultures with nitrogen supplied once, twice, and thrice per day; S ¼ starved culture; Sat ¼ saturated FA; Mon ¼ monounsaturated FA; PUFA ¼ polyunsaturated FA; EPA ¼ eicosapentaenoic acid. Data refer to the last day of the period. In the summer trial, analyses were done both after 6 and 8 days.
a TFA content at the beginning of the trial was about 7% on dry biomass both in summer and spring trials. b Including EPA.
